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DNA is structurally and mechanically altered by the binding of intercalator molecules. Intercala-
tion strongly affects the force-extension behavior of DNA, in particular the overstretching transition.
We present a statistical model that captures all relevant findings of recent force-extension experi-
ments. Two predictions from our model are presented. The first suggests the existence of a novel
hyper-stretching regime in the presence of intercalators and the second, a linear dependence of the
overstretching force on intercalator concentration, is verified by re-analyzing available experimen-
tal data. Our model pins down the physical principles that govern intercalated DNA mechanics,
providing a predictive understanding of its limitations and possibilities.
The elastic properties of double-stranded (ds)
DNA play a crucial role in many cellular pro-
cesses. Indeed, replication, transcription and the
histone-mediated compaction into chromatin all
involve significant deformation of the stiff polynu-
cleotide chain. The elastic properties of dsDNA are
strongly linked to the characteristic helical struc-
ture of the molecule [1], and the interplay between
DNA mechanics and structure is particularly evi-
dent in stretching experiments [2, 3]. At a critical
force of about 65 pN, dsDNA undergoes a coop-
erative overstretching transition in which the helix
partly unwinds. This results in a sudden 70% in-
crease of the DNA extension with respect to the
native (B-DNA) state. This overstretched DNA
state can consist of base-paired DNA (such as S-
DNA), non-base-paired DNA or coexisting base-
paired and non-base-paired states, depending on
subtle differences in ionic strength, temperature,
and the local nucleotide sequence [4, 5].
To shed light on the structural changes in ds-
DNA caused, e.g., by external stretching and twist-
ing or by the action of proteins during transcrip-
tion, fluorescent molecules that bind to the dsDNA
are commonly used, because they highlight regions
of interest [6–8]. Most of the fluorescent probes
are intercalators, molecules with planar moieties
that insert themselves between adjacent base pairs
in the dsDNA [9, 10]. However, intercalation is
not commensurate with the natural local geometry
of the dsDNA, as it doubles the distance between
base pairs from 0.34 nm to 0.68 nm [11]. This
implies a significant perturbation of the molecular
structure of DNA, and the elastic behavior of DNA
must be profoundly affected by it.
Hence, if fluorescent intercalators are used to
highlight structural changes it remains unclear to
what extent the observed response is representa-
tive of that of intercalator-free dsDNA. The fact
that intercalators strongly affect the properties of
DNA is well known and used, e.g., in the context of
rational drug design in order to disrupt the phys-
iological functioning of DNA [12, 13]. Remark-
ably, an understanding of the basic physical prin-
ciples of how intercalators change the mechanical
response of DNA is currently lacking. This leads
us to the central question that we address in this
Letter: “What features of the bare force-extension
curve of dsDNA, in particular near and beyond the
overstretching transition, are affected by intercala-
tive binding and by how much?”. For this purpose
we present a new statistical model that describes
experimental findings on how increasing concen-
trations of intercalator affect the critical force and
extent of the overstretching. In agreement with
experiment, we find that the sharp overstretching
transition is replaced by a more gradual crossover
at sufficiently high concentrations of intercalator.
The model predicts a second transition to a hyper-
stretched, fully intercalated state at forces much
larger than customarily probed experimentally.
Before presenting the details of our model, we
briefly describe the main experimental findings, al-
lowing us to pinpoint three key features that our
model sets out to capture.
Experimental Findings. The influence of inter-
calative binding on the force-extension relation of
dsDNA, in particular the high-force regime, has
been investigated by several groups [14–17]. The
data of Vladescu et al. [14] are for our purposes
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FIG. 1. Force-extension curves for single dsDNA
molecules at different concentrations of the intercalator
ethidium bromide. The arrow indicates the direction of
increasing concentration. The key features described in
the main text are indicated by (1), (2) and (3). Figure
adapted with permission from Ref. [14]. Copyrighted
by the American Physical Society.
the most useful and redrawn in Figure 1. Plot-
ted are force-extension curves for single dsDNA
molecules in the presence of a wide range of con-
centrations of the mono-intercalator ethidium bro-
mide (EtBr). We shall presume these are equilib-
rium force-extension data, implying that equilibra-
tion of the binding and unbinding of EtBr is fast
compared to the DNA stretching itself. We focus
our work on EtBr as it is considered as the stan-
dard for dsDNA intercalation [11].
The striking effect of intercalative binding on
the force-extension curves is obvious from Figure
1, and allows us to further delineate our central
question. There are three key features:
(1) A rise in DNA extension at moderate forces
below the overstretching transition, reducing
the sudden increase in length at that transi-
tion;
(2) A shift of the overstretching transition to
higher forces;
(3) The replacement of the overstretching transi-
tion by a more gradual crossover at the high-
est concentrations (> 125 nM), accompanied
by extensions larger than the 0.58 nanome-
ter per base pair (nm/bp) of overstretched
DNA.
The three features are indicated in Figure 1. Fea-
ture (2), the shift towards higher forces with in-
creasing EtBr concentration from 0 to 25 nM, is
particularly counterintuitive because more force is
required for overstretching despite the local elon-
gation of DNA by a factor of 2 upon intercalation.
In spite of important theoretical advances relat-
ing to the interplay between dsDNA mechanics and
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FIG. 2. A configuration of our 3-state chain model for
dsDNA, described by a unit vector {tˆ} and an order
parameter {S} assigned to every link. S = 0, S = 1,
and S = 2 correspond to B-DNA, overstretched DNA
and intercalated DNA.
the binding of small molecules [18–24], the impact
of intercalators on the overstretching transition re-
mains poorly understood. The overstretching tran-
sition of dsDNA in the absence of intercalators has
been described by 2-state models [25, 26], in which
each base pair is either in the B-state or in the over-
stretched state. A base pair in the overstretched
state is 70% longer than a base pair in the B-state.
It is obvious from Figure 1 that a model that lacks
an intercalated state that is 100% longer than the
B-state, cannot adequately describe the high-force
behavior in which DNA is extended even beyond
the 0.58 nm/bp overstretched state.
Model. We focus our description entirely on the
high-force limit, where the effects of bend stiffness
are frozen out, and propose a 3-state (Potts-type)
model of dsDNA sketched in Figure 2. The DNA is
represented by a chain of N rigid segments, similar
in spirit to the freely-jointed chain model [27]. The
order parameter Si describes the state of the i
th
segment, which may be either B-DNA (with length
l0, and order parameter Si = 0), overstretched
DNA (1.7l0, Si = 1), or intercalated DNA (2l0,
State of DNA Length ∆E(Si)
Si = 0 B-DNA l0 0
Si = 1 Overstretched 1.7 l0 ε1
Si = 2 Intercalated 2 l0 ε2 − µ
TABLE I. An overview of the three states Si = 0, 1, 2
of link i = 1, ..., N of our model DNA, with their in-
terpretation, length measured in base pair distance in
B-DNA, l0, and free energy penalty ∆E discussed in
the main text.
Si+1 = 0 Si+1 = 1 Si+1 = 2
Si = 0 0 λ 0
Si = 1 λ 0 η
Si = 2 0 η δ
TABLE II. Overview of energetic couplings
∆H(Si, Si+1) between neighboring segments de-
pending on their state. The cooperativity parameters
λ, η and δ are discussed in the main text.
3Si = 2). (See also Table I.) Note that within
our description it is irrelevant whether the over-
stretched state consists of base-paired or non-base-
paired DNA. The ground-state segment length l0
is fixed at 0.34 nm. This choice allows us to assign
a potential binding site to every base pair, at the
expense of not being able to describe accurately
the force-extension curve at low forces. This does
not mean that we ignore the possibility of neighbor
site exclusion [11], as we shall see.
We apply a force, f , along the zˆ-direction con-
necting the ends of the chain, and calculate the
expectation value of the chain’s end-to-end length,
〈z〉. The (free) energy, ε[{tˆi}, {Si}], of a particular
configuration of the chain, given by all unit vec-
tors {tˆi} and all order parameters {Si}, is given,
in units of thermal energy kBT , by
ε[{tˆi}, {Si}]
kBT
=
N∑
i=1
[
−
fli
kBT
tˆi · zˆ +∆E(Si)
]
+
N−1∑
i=1
∆H(Si, Si+1). (1)
The first term in the first line of Eq (1) repre-
sents the work done by the entropic stretching force
on the chain, where li is the length of segment i. In
the second term, ∆E(Si) = ε1δSi,1+(ε2 − µ) δSi,2,
where ε1 and ε2 are the free energy costs, in units
of thermal energy, of converting a single segment
from B-DNA to overstretched and to intercalated
DNA. (See also Table I.) The law of mass action
enters through the (dimensionless) chemical poten-
tial of unbound intercalators in solution, µ. It en-
sures that more intercalators bind to the DNA if
more are available in solution. The underlying as-
sumption is that bound and unbound intercalators
are in thermal and chemical equilibrium.
Interactions between neighboring segments de-
pend on their states, and are represented by the
last term of Eq (1). The relevant couplings that
enter ∆H(Si, Si+1) are given in Table II. There
are only three couplings of interest, denoted λ, η
and δ. Others can be set equal to zero, because
these in effect renormalize the remaining ones.
λ ≥ 0 penalizes neighboring B-DNA and over-
stretched base pair sequences, and models the co-
operative nature of the overstretching transition.
η ≥ 0 is a free energy penalty assigned to neigh-
boring overstretched and intercalated sequences.
It is inspired by the work of Biebricher et al.
[17], suggesting that intercalated DNA is stabilized
against overstretching.
Finally, δ ≥ 0 models neighbor site exclusion:
a bound intercalator inhibits other intercalators
to bind at an adjacent binding site [11]. This is
caused by intercalator-induced structural changes
in the dsDNA [15].
A summary of the states and the corresponding
free energy penalties and cooperativities is given by
Tables I and II. The chemical potential that enters
in the entry for the intercalated state in Table I,
we link directly to the overall molar intercalator
concentration C in the solution. For dilute solu-
tions we have µ = ln (C/Cwater), with Cwater the
molar water concentration in the solution (55.6 M)
[28].
Results. Taking the Hamiltonian given in Eq
(1), we calculate the force-extension relation ana-
lytically from statistical mechanics. The partition
function is given by
Z =
∫
{tˆ
i
}
∑
{Si}
exp
(
−
ε[{tˆi}, {Si}]
kBT
)
, (2)
which we evaluate using the transfer matrix
method [26]. The expectation value of the exten-
sion can be obtained from equation (2) by differ-
entiating with respect to the applied force,〈
z
L0
〉
=
kBT
L0
∂
∂f
lnZ, (3)
where L0 = Nl0 is the contour length of B-DNA.
The expectation value of the fraction of segments
in the intercalated state follows from 〈δSi,2〉 =
∂
∂µ
lnZ.
Our findings for how the chain extension and the
fraction of intercalator-bound segments depend on
the pulling force, evaluated in the long-chain limit
N ≫ 1, are given in Figure 3. Note that a DNA
extension of 0.34 nm/bp in Figure 3 corresponds
to z/L0 = 1 in Eq (3). Only the concentration of
intercalators C, matching the experimental values
given in Figure 1, is varied. We used the experi-
mental zero-concentration force-extension curve to
fix the values of the parameters λ = 4 and ε1 = 3.2.
These are properties of the DNA only.
The value of η = 8 we estimate from Figure 1 by
reproducing the slope of the overstretching tran-
sition at intercalator concentrations 5-25 nM. Our
estimate of δ = 3 is fixed by the concentration at
which the experimental overstretching transition is
replaced by a more gradual crossover.
By fitting the theory to the shift of the force
required for overstretching as a function of con-
centration, we obtain the net binding free energy
of the intercalator ε2 = −18. See also Figure 4.
The fact that we find a large negative value is con-
sistent with calculations of interaction energies be-
tween EtBr and base pairs and base pair stacking
energies [29].
As anticipated, our model does not accurately
describe the low-force regime. However, it does
reproduce each of the highlighted features (1), (2)
and (3) in the high-force regime of Figure 1. It per-
mits us to assign to each of these a direct physical
cause.
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FIG. 3. Theoretical curves of the DNA extension per
base pair (a) and fraction of intercalator-bound base
pairs (b) as a function of the applied force for inter-
calator concentrations C that match the experimental
ones of Figure 1. The arrows indicate the direction of
increasing concentration. The model parameters are
set to match the experimental data: λ = 4, δ = 3,
η = 8, ε1 = 3.2 and ε2 = −18. The features (1), (2)
and (3) and the prediction (P) are discussed in the
main text.
The rise in the chain extension with increasing
intercalator concentration at fixed moderate forces
below the overstretching transition, feature (1), is
easily understood because mass action forces more
intercalators to bind and hence lengthen the DNA.
We recall that intercalated DNA is longer than
both B-DNA and overstretched DNA. See also the
region (1) in Figures 3b and 3a.
Feature (2), the shift of the overstretching force
with increasing concentration, is due to neigh-
boring segments of overstretched and intercalated
DNA being conformationally unfavorable. As is
clear from Figures 3a and 3b, region (2), this causes
all intercalators to unbind at the overstretching
transition at the expense of a loss of binding energy
that must be compensated for by a larger over-
stretching force.
Indeed, if we take the free energy penalty η be-
tween intercalated DNA and overstretched DNA to
zero, then the sharp drop in the number of bound
intercalators seen in Figure 3b disappears, result-
ing in a less sharp length increase and the absence
of a shift of the overstretching force in the force-
extension curve.
Finally, feature (3), the replacement of the over-
stretching transition by a more gradual crossover
at the highest concentrations. According to our
model, this is the result of mass action overruling
the phenomenon of neighbor site exclusion. That
neighbor site exclusion is not absolute was in fact
already put forward by Vladescu et al. [14, 15].
Therefore, for sufficiently high concentrations of
intercalators binding to all sites becomes possi-
ble. This causes the stretching force to promote
the longest, i.e., the intercalated state, at the ex-
pense of the overstretched state. As a result, the
drop of the number of intercalated segments for
forces in the range from 60 to 100 pN disappears
in Figure 3b. The sharp transition from B-DNA
to overstretched DNA is in that case replaced by
a gradual crossover from B-DNA to intercalated
DNA shown in Figure 3a, region (3).
In summary, our model is able to explain and re-
produce all three highlighted features of the exper-
imental observations. This confirms our assump-
tion that bending stiffness plays a subdominant
role in the overstretching transition and the influ-
ence of intercalators on it.
Predictions. Our model makes two testable
novel predictions. First, a second overstretching
transition at stretching forces beyond 120 pN, in-
dicated in Figure 3a by (P). All force-extension
curves with non-zero intercalator concentration
should ultimately attain the hyperextended, 0.68
nm/bp state. The low (5 - 25 nM) concentration
curves reach this extension by a second coopera-
tive transition towards the fully intercalated state,
as is clear from Fig. 3b, region (P). This time this
is the result of mechanical action rather than mass
action overruling neighbor site exclusion, resulting
in a 0.68 nm/bp extension.
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FIG. 4. Overstretching force as a function of interca-
lator concentration. Experiments taken from Figure 1:
symbols; Theory: straight line.
The second prediction of our model is a linear
dependence of the overstretching force on concen-
tration. This is supported by the data in Figure 1.
Indeed, if we plot the experimental overstretching
force as a function of the intercalator concentra-
tion, we do find a straight line. See Figure 4. Ac-
cording to our theory the slope of that line depends
on both the free energy penalty for overstretching
5and the net binding free energy of EtBr. As we
obtain the former from the intercalator-free force-
extension curve, this allows us to quantify the lat-
ter.
Conclusion. We identify and explain three strik-
ing effects of the presence of intercalators on the
stretching behavior of dsDNA: (1) A rise in the
extension at fixed moderate forces, caused by lo-
cal DNA extension due to intercalation; (2) A
force shift of the overstretching transition to higher
forces, due to the cooperative unbinding of in-
tercalators at the transition; (3) Replacement of
the overstretching transition by a more gradual
crossover from B-DNA to intercalated DNA and
extensions larger than 0.58 nm/bp, on account of
full intercalation due to mass action at the highest
concentrations. Furthermore, we predict full inter-
calation at small intercalator concentrations for ex-
treme stretching forces. Our work illustrates that
these seemingly complicated features of the force-
extension curve are readily explained by consider-
ing the interplay between the molecular structure
and the mechanics of the entire DNA molecule.
[1] J. D. Watson, F. H. Crick, et al., Nature 171, 737
(1953).
[2] P. Cluzel, A. Lebrun, C. Heller, R. Lavery, J.-L.
Viovy, D. Chatenay, and F. Caron, Science 271,
792 (1996).
[3] S. Smith, Y. Cui, and C. Bustamante, Science
271, 795 (1996).
[4] G. A. King, P. Gross, U. Bockelmann, M. Modesti,
G. J. Wuite, and E. J. Peterman, Proceedings
of the National Academy of Sciences 110, 3859
(2013).
[5] X. Zhang, H. Chen, S. Le, I. Rouzina, P. S. Doyle,
and J. Yan, Proceedings of the National Academy
of Sciences 110, 3865 (2013).
[6] I. Heller, T. P. Hoekstra, G. A. King, E. J. Pe-
terman, and G. J. Wuite, Chemical reviews 114,
3087 (2014).
[7] C. Monico, M. Capitanio, G. Belcastro, F. Vanzi,
and F. S. Pavone, International journal of molec-
ular sciences 14, 3961 (2013).
[8] P. R. Bianco, L. R. Brewer, M. Corzett, R. Bal-
horn, Y. Yeh, S. C. Kowalczykowski, and R. J.
Baskin, Nature 409, 374 (2001).
[9] L. Lerman, Journal of molecular biology 3, 18
(1961).
[10] A. N. Glazer and H. S. Rye,
Nature 359, 859 (1992).
[11] H. M. Berman and P. R. Young, Annual review of
biophysics and bioengineering 10, 87 (1981).
[12] J. L. Nitiss, Nat Rev Cancer 9, 338 (2009).
[13] N. J. Wheate, C. R. Brodie, J. G. Collins,
S. Kemp, and J. R. Aldrich-Wright,
Mini Reviews in Medicinal Chemistry 7, 627 (2007).
[14] I. D. Vladescu, M. J. McCauley,
I. Rouzina, and M. C. Williams,
Phys. Rev. Lett. 95, 158102 (2005).
[15] I. D. Vladescu, M. J. McCauley, M. E. Nun˜ez,
I. Rouzina, and M. C. Williams, Nature methods
4, 517 (2007).
[16] C. Murade, V. Subramaniam, C. Otto, and M. L.
Bennink, Biophysical Journal 97, 835 (2009).
[17] A. S. Biebricher, I. Heller, R. F. Roijmans, T. P.
Hoekstra, E. J. Peterman, and G. J. Wuite, Na-
ture communications 6 (2015).
[18] J. Yan and J. F. Marko,
Phys. Rev. E 68, 039901 (2003).
[19] P.-M. Lam and Y. Zhen,
Phys. Rev. E 83, 041912 (2011).
[20] H. Zhang and J. F. Marko,
Phys. Rev. E 77, 031916 (2008).
[21] H. Zhang and J. F. Marko,
Phys. Rev. E 82, 051906 (2010).
[22] S. Cocco, J. Marko, R. Monas-
son, A. Sarkar, and J. Yan,
The European Physical Journal E 10, 249 (2003).
[23] J. Marko and E. Siggia,
Biophysical Journal 73, 2173 (1997).
[24] J. Rudnick and R. Bruinsma,
Biophysical Journal 76, 1725 (1999).
[25] P. Cizeau and J.-L. Viovy,
Biopolymers 42, 383 (1997).
[26] C. Storm and P. C. Nelson,
Phys. Rev. E 67, 051906 (2003).
[27] P. Flory, Statistical Mechanics of Chain Molecules
(Interscience, 1969).
[28] C/Cwater is the mole fraction of intercalator in
dilute solution.
[29] D. Rˇeha, M. Kabela´c, F. Ryja´cˇek, J. Sˇponer, J. E.
Sˇponer, M. Elstner, S. Suhai, and P. Hobza, Jour-
nal of the American Chemical Society 124, 3366
(2002).
